ABSTRACT In this paper, we study how to improve the energy efficiency (EE) of the LTE unlicensed small cell systems. Since the small base station (SBS) can use both licensed and unlicensed bands, the EE on licensed and unlicensed spectrum need to be considered jointly to improve the EE of the whole system. First, the trade-off between the EE on licensed and unlicensed bands is analyzed when the SBS reuses the licensed bands with a macro base station (MBS) and shares unlicensed bands with multiple Wi-Fi access points (AP)s. Furthermore, the weighted Tchebycheff method is applied to demonstrate the Pareto optimal EE tradeoff on licensed and unlicensed bands numerically. Based on the analysis, how the EE on the licensed bands interacts with the EE on the unlicensed bands is revealed. Accordingly, a joint power, licensed and unlicensed spectrum allocation scheme is proposed to improve the system EE. Numerical results are presented to validate the analysis and verify the effectiveness of the proposed schemes.
I. INTRODUCTION
As the development of intelligent personal devices, such as smart phone, tablet and notebook, the wireless mobile traffic has increased tremendously. According to the prediction in [1] , the mobile data traffic will grow at a compound annual growth rate of 46 percent from 2016 to 2021, reaching 48.3 exabytes per month by 2021. To deal with such a challenge, dense small cell deployment and massive multiple input multiple output (M-MIMO) techniques have been exploited to improve the spectral efficiency (SE) and energy efficiency (EE) in the fifth-generation (5G) mobile communications [2] . In addition, another avenue is to exploit all available frequency bands [3] , [4] , including unlicensed bands, which are currently mainly used by Wi-Fi systems.
To use the unlicensed bands in the current Long Term Evolution (LTE) communication systems, conventional method is to integrate the Wi-Fi and LTE interfaces in the small cell base stations (SBS)s. As a result, LTE and Wi-Fi packets are aggregated at packet data convergence protocol (PDCP) layer, which can split the LTE data into two data streams. They are then sent over LTE and Wi-Fi interfaces, respectively [4] , [5] . Obviously, unlicensed bands are still used based on Wi-Fi protocol and advanced technologies, such as adaptive transmission, resource management and interference coordination in LTE, can not be applied in this architecture. Therefore, to make up for these deficiencies, mobile operators have proposed to integrate unlicensed bands into LTE systems, so called LTE-U. Since, via carrier aggregation (CA) of licensed and unlicensed bands, combining high SE of LTE and relatively large bandwidth of unlicensed spectrum on 5 GHz can bring tremendous improvement on system throughput, LTE-U has aroused considerable attention from both academia and industry [6] - [9] recently.
However, it is not straightforward to use unlicensed bands in LTE systems due to the shared license-exempt nature of unlicensed bands. On one hand, LTE protocol is designed to use the licensed bands exclusively with the centralized scheduling and resource management policies. On the other hand, to guarantee the fair sharing on unlicensed spectrum, each country has made strict regulations. To comply with these regulations on unlicensed bands, distributed channel access protocols, such as distributed coordinate function (DCF) and variants thereof [10] , have been developed for Wi-Fi systems to ensure the harmonious co-exist with other radio access technologies (RAT)s on unlicensed bands. However, current LTE Release can not fulfill these regulatory requirements and directly expanding LTE on unlicensed bands would severely jeopardize other RATs performance [7] , [11] . Therefore, how to guarantee the harmonious coexistence with other radio access technologies (RAT)s while improving the SE and EE on the unlicensed bands is the focus of current works.
There are three main mechanisms under working on LTE-U for fair coexistence with Wi-Fi. The first two are based on time division duplex (TDD), which are named as Listen Before Talk (LBT) and Carrier Sensing Adaptive Transmission (CSAT), respectively. Since Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) based channel access scheme adopted by Wi-Fi systems belongs to the LBT mechanism, it is deemed to be able to provide fair coexistence [12] , [13] . In [14] , LBT based adaptive channel access scheme has been proposed to improve the SE on unlicensed bands. In contrast, CSAT schedules transmission according to the duty-cycle method, where LTE periodically switches the signal on and off by using almost blank subframes (ABS)s on unlicensed bands [15] . By adjusting the size of ABSs, fair coexistence can be guaranteed with the CSAT mechanism [16] . The third mechanism is to realize the spectrum reuse on the unlicensed bands between the Wi-Fi and cellular systems [17] - [19] by using multiple input multiple output (MIMO) technique. As a result, the SE on unlicensed bands can be further improved.
The recent work mainly focuses on improving the SE of the LTE-U system under the prerequisite of ensuring harmonious coexistence with Wi-Fi systems on the unlicensed bands. However, besides SE, EE is another primary concern in the design and operation of LTE-U systems in 5G. In [20] , the energy efficient resource management scheme has been studied for full duplex enabled device to device communications. Energy efficient beamforming scheme for simultaneous information and energy transfer has been proposed in [21] while guaranteeing the security. In [22] , a joint transmitter and receiver optimization scheme has been proposed to improve the EE in orthogonal frequency-division multipleaccess (OFDMA) systems. The EE in heterogeneous wireless networks has been investigated in [23] . In [24] , the EE of both the base station and users has been studied for carrier aggregation systems and a corresponding resource management scheme has been proposed.
However, very few work studies the EE in unlicensed LTE systems. Indeed, since there is a strict regulatory transmission power constraint on the unlicensed bands in each country to ensure the fair coexistence, EE is more important for the LTE-U system than the usual cellular systems. When considering cellular and Wi-Fi systems separately, the EE of joint cellular and Wi-Fi networks has been optimized with respect to network selection, sub-channel assignment, and transmit power in [25] . Based on the two-timescale Lyapunov optimization technique, an online energy-aware network selection and resource allocation algorithm has been proposed. In [26] , the EE of the LTE-U system has been maximized based on an assumption that the unlicensed bands are less energy-efficient than licensed bands. However, such an assumption may not hold in practice when there exists CI on the licensed bands. As a result, the EE of LTE-U systems in the general case still remains unknown. Moreover, the power allocation is not considered in [26] .
In this paper, we study an LTE-U based small cell system where the SBS reuses the licensed bands with a macro-cell base station (MBS) and shares unlicensed bands with multiple Wi-Fi APs via CSAT mechanism. 1 Different from [26] , the assumption that the EE on licensed bands must be higher than that on unlicensed bands dose not hold in the system due to the CI interference on licensed bands. Therefore, we first analyze the EE tradeoff between the licensed and unlicensed bands. Based on the analysis results, a joint spectrum and power allocation scheme is proposed to optimize the system EE. The main contributions of this paper are summarized as follows:
• A general framework on the EE tradeoff between licensed and unlicensed bands in the LTE-U small cell system is first formulated via joint power, licensed and unlicensed spectral allocation. It is modeled as a multi-objective optimization problem where both the EE on the licensed bands and that on the licensed bands are maximized while guaranteeing the quality of service (QoS) of small cell users (SUEs) and fair coexistence with Wi-Fi systems.
• Based on the framework, the optimal power allocation is derived to maximize the EE on the licensed and unlicensed bands, respectively. Then, how the EE on the licensed bands interacts with the EE on the unlicensed bands is analyzed accordingly.
• To find the complete set of Pareto optimal solutions for the tradeoff on the EE between the licensed and unlicensed bands, the weighted Tchebycheff method is applied to convert the original multiple objective optimization problem into a single one. Correspondingly, a convex feasibility method is applied to find the optimal solution.
• Based on the tradeoff analysis, a joint resource management scheme is developed to optimize the system EE when considering EE on licensed and unlicensed bands jointly. The rest of this paper is organized as follows. In Section II, we introduce the LTE-U small cell system where a SBS reuses the unlicensed bands with the MBS and shares the unlicensed bands with multiple Wi-Fi APs. The EE tradeoff framework between the licensed and the unlicensed bands is formulated and the double water-filling power allocation rule is introduced to analyze the EE tradeoff between the licensed and unlicensed bands when maximizing the EE on the licensed and hte unlicensed bands individually in Section III. In Section IV, the weighted Tchebycheff method is applied to derive the complete set of Pareto optimal solutions to the tradeoff problem. In Section V, a joint power and spectrum allocation algorithm is proposed to optimize the system EE. Simulation results are presented in Section VI and Section VII concludes the whole paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
Assuming that there is a SBS reusing the uplink channel of the MBS and sharing unlicensed band with K Wi-Fi APs, each with an unlicensed channel, to serve downlink transmission of M small cell users (SUE)s, denoted by sets K and M, respectively, as shown in Fig. 1 . The Orthogonal Frequency Division Multiple Access (OFDMA) is employed in the SBS to serve SUEs on the licensed channel, which is equally divided into N subchannels denoted by set N . The SBS uses CSAT mechanism to share unlicensed channels with Wi-Fi APs, where the LTE-U based SBS is periodically on and off on a frame when using the unlicensed channels. During the off period, the unlicensed channels are only for Wi-Fi devices. Meanwhile, the SBS senses the unlicensed channels and measures Wi-Fi medium utilization. Then, the SBS can adaptively adjust On/Off period on the next frame accordingly.
It is noteworthy that the schemes developed in the paper can be easily extended to the multiple small cells and multiple Wi-Fi APs network.
A. ACHIEVABLE DATA RATES
When the SBS reuses subchannel n to serve SUE i, the achievable data rate is given by
where c
i,n is the time sharing factor of SUE i on subchannel n and satisfies 0 i c
i,n is the transmission power allocated to SUE i on subchannel n, h (L) i,n is the channel gain between the SBS and SUE i on subchannel n, I
(L) i,n is the interference power spectral density from the macro cell user, N 0 is the noise power spectral density. Therefore, the total data rates on the licensed channel achieved at the SBS are given by
where
is the achievable data rate of SUE i on licensed bands.
On the other hand, when the SBS shares the unlicensed channel with Wi-Fi AP k, its achievable data rate is given by
where p
i,k is the channel power gain on unlicensed channel k between the SBS and SUE i, β i,k is the time fraction allocated to SUE i on unlicensed channel k, B (U ) k is the bandwidth of unlicensed channel k. Then, the sum data rates obtained at the SBS on the unlicensed band is given by
is the achievable data rate of SUE i on unlicensed bands. Based on (4) and (2), we can get the total data rate achieved at the SBS as
B. POWER CONSUMPTION
The power consumption at the SBS can be divided into two parts from the licensed and the licensed bands, respectively. The power consumption on the licensed subchannels includes the over-the-air transmission power and a fixed circuit power. Mathematically, the over-the-air transmission power on the licensed subchannels is given by
where ω (L) ≥ 1 is the inversion of power amplifier efficiency (PAE) on the licensed channels.
The power consumption on the unlicensed channels includes three parts: the transmission power consumed at the SBS, the power consumed when the SBS senses the unlicensed channels and a fixed circuit power. Then, accordingly, the first two parts of the power consumption on the unlicensed 64052 VOLUME 6, 2018 channels can be expressed as
where ω (U ) ≥ 1 is the inversion of PAE on the unlicensed channels, p (U ) 0 is the average power consumption of the SBS when it senses the unlicensed channels. Since the first part is the transmission power consumption when the SBS is on, the time fraction, β i,k , and transmission power, p (U ) i,k , allocated to different SUEs will be optimized to achieve EE. On the other hand, the second period is corresponding to the power consumption of sensing when the SBS is off, where
β i,k is the time fraction of the off period. The linear relation between the sensing power and the time fraction for sensing is based on the equation (6) used in [28] .
The total power consumed at the SBS is the summation of (6) and (7) with a fixed circuit power and can be expressed as
where P c = p
c and p
are circuit powers consumed on licensed and unlicensed bands, respectively.
C. PROBLEM FORMULATION
In the paper, the EEs on the licensed and unlicensed bands are defined as
, and EE
respectively.
To analyze the EE tradeoff on the licensed and unlicensed bands, a multi-objective optimization formulation is formulated as follow
is the power allocation matrix on the licensed subchannels,
is the power allocation matrix on the unlicensed band, c = c
is the time sharing factor matrix of the SUEs on the licensed subchannels, β = β i,k k∈K is the time fraction allocated to the SUEs on the unlicensed channels, b k is the maximum time fraction allocated to the SBS on each unlicensed channel, whose value is based on the fairness requirement on sharing the unlicensed band between the WiFi and SBS. (10a) is the total transmit power constraint at the SBS, (10b) is the transmission power constraint on the unlicensed bands, (10c) is the minimum data rate requirement constraint for each SUE, (10d) is the upper bound on the time fraction allocated to the SUEs on each unlicensed band, (10e) is the time sharing factor constraint of the SUEs on each licensed subchannel, and (10e) is the transmission power constraint on each licensed subchannel, which is to constraint the co-channel interference to the MBS.
III. EE TRADEOFF ANALYSIS
The multiple objective optimization problem in (10) has multiple optimal solutions and it is impossible to derive a close-form solution for it. To study the relationship of the EEs on the licensed and unlicensed bands, we first look at the following two individual optimization problems separately. They both are based on problem (10) and can be expressed as max
subject to (10a)-(10e), and max
subject to (10a)-(10e), respectively. In problem (11) , the EE on the licensed bands is maximized with the assistance of unlicensed bands. Problem (12) is just on the contrary. To solve these problems, Dinkel-bach method [29] is used to solve problems (11) and (12), respectively, which effectively solves the fractional programming problem via using iterative method to solve a sequence of parameterized programming problem. The basic idea is to transform a fractional-form optimization problem into a subtractive-form problem as stated in the following Lemma Lemma 1: There is an optimal value for problem (11)
if and only if,
Proof: In Lemma 1, b * is the optimal EE on licensed bands. According to Dinkelbach method, it solves a subtractive-form optimization problem as (14) with a VOLUME 6, 2018
given b iteratively. After each iteration, the value of b will be upgraded by judging whether it converges. If it converges, then the optimal solution for problem (13) has been obtained. For further details on the proof of convergence for Dinkelbach method, please refer to [29] .
To solve problem (11), define
Based on Lemma 1, optimization problem (11) can be transformed into a series of the following optimization problems with a given b,
subject to (10a)-(10f).
A. EE ON LICENSED BANDS
Although problem (16) is more tractable than (11), it is not a convex optimization problem due to the non-convex property of constraints (10a), (10b) and (10c) on variables P (U ) and β.
To break this barrier, set
(10d), (10e) and (10f), where e = e i,k i∈M,k∈K ,
Based on [30] , problem (17) is convex and therefore, there exists a maximal EE (L) with the assistance of unlicensed bands.
To find out the optimal solution, Karush-Kuhn-Tucker (KKT) conditions are applied to analyze properties of the optimal solution for problem (17) . The Lagrangian function of problem (17) is given by
, ∀i ∈ M, and λ 6,i,n , ∀i ∈ M, ∀n ∈ N , are non-negative Lagrangian multipliers. By taking the partial derivative of L with respect to p
Then according to (20) and (21), the power allocation on licensed channels and unlicensed bands can be expressed as
where [x] + = max (x, 0). Based on (22) and (23), we have following corollary.
Corollary 1: Given optimal λ 1 , λ 2,k , ∀k ∈ K, λ 3,i , ∀i ∈ M, λ 4,k , ∀k ∈ K, λ 5,i , ∀i ∈ M, and spectrum allocation, the optimal power allocation on licensed subchannels and unlicensed channels are water-filling like solution expressed in (22) and (23) when maximizing the EE on licensed bands.
B. EE ON UNLICENSED BANDS
When using Dinkel-bach method to solve (12) for maximizing EE (U ) , the utility function is defined as
where a is a given variable, (12) is transformed into max
subject to (17a)-(17c), (10d),(10e) and (10f).
Similar to the analysis on the licensed band, Lagrangian function of (25) and the corresponding KKT conditions can be used to derive the optimal power allocation on the unlicensed and licensed bands. The corresponding Lagrangian function for problem (25) is given by
where ρ 1 , ρ 2,k , ∀k ∈ K, ρ 3,i , ∀i ∈ M, ρ 4,k , ∀k ∈ K, ρ 5,i , ∀i ∈ M, and ρ 6,i,n , ∀i ∈ M, ∀n ∈ N , are Lagrangian multipliers. By taking the partial derivative of R with respect to e i,k , we obtain
Then, the corresponding power allocation on the unlicensed bands is given by
Similarly, by taking the partial derivative of with respect to p (L)
i,n , we can have the power allocation on the licensed bands which is given by
Based on (28) and (29), we have the following corollary for power allocation on licensed suchannels and unlicensed channels to maximize EE (U ) .
Corollary 2: Given optimal ρ 1 , ρ 2,k , ∀k ∈ K, ρ 3,i , ∀i ∈ M, ρ 4,k , ∀k ∈ K, ρ 5,i , ∀i ∈ M, and spectrum allocation, the optimal power allocation on unlicensed channels and licensed subchannels are water-filling like solutions expressed in (28) and (29), respectively, when maximizing EE on the unlicensed bands.
C. TRADEOFF ANALYSIS
After deriving optimal power allocation, P (L) * , on the licensed subchannels and, P (U ) * , on unlicensed channels, the interaction of EE between licensed and unlicensed bands can be analyzed accordingly. Due to the limited transmission power constraint at the SBS and on the unlicensed bands, the optimal EE on the licensed and unlicensed bands can be classified into following cases.
Case I: If the following condition fulfills
and SUEs' data rate requirements are satisfied with the optimal spectrum and power allocation on licensed subchannels for problem (11) and on the unlicensed channels for problem (12 
or the SUEs' data rate requirements are not satisfied with the optimal spectrum and power allocation on the licensed subchannels for problem (11) and on the unlicensed bands for problem (12) , there exists EE tradeoff. Based on [31] , the EE (L) is strictly quasiconcave in R (L) with a constant bandwidth and either strictly increases with or increases first and then strictly decreases with respect to R (L) (L) has to be sacrificed to guarantee the fulfillment of SUEs data rate requirement. 2 
In our case, the EE (L) does not strictly decrease with R (L)
B which is different from [31] . In [31] , R (L) is greater than 0. In our case, there is possibility that the licensed bands may not be used if the unlicensed bands is enough to satisfy the SUEs' data rate requirements. Therefore, we define that EE (L) is equal to 0 when R (L) = 0 and the range of
max is the maximum sum data rate achieved on licensed bands with total transmission power P T . (L) and the licensed bands are enough to satisfy SUEs' data rate requirement, then the total transmission power should be exclusively allocated to the licensed subchannels to maximize the throughput on the licensed bands as shown in Fig. 2 . As a result, EE (L) is maximized. If EE (L) increases first and then strictly decreases with
i which can not satisfy every SUE's data rate requirements as shown in Fig. 3 . Therefore, we have the latter assertion in Theorem 1.
FIGURE 2. EE (L) monotonically increases with respect to R (L) .

FIGURE 3. EE (L) increases first and then decreases with respect to R (L) .
According to Theorem 1, if EE (L) increases first and then strictly decreases with R (L) , even the licensed bands and transmission power are enough to satisfy all SUEs' data rate requirements, we may still need the assist of unlicensed bands to optimize EE (L) .
For the unlicensed bands, we have the similar assertion as followings: 
Otherwise, the licensed bands are still not used.
The tradeoff relationship between EE (L) and EE (U ) can be observed from theorems 3 and 4. When the unlicensed bands are used to assist the licensed bands, the EE (L) would be improved. On the other hand, if the licensed bands are used as a complementary for the unlicensed bands, the EE (U ) would increase.
Case III: In [26] , the assumption that the unlicensed band is less energy efficient than the licensed bands due to the poor channel condition and PAE on the unlicensed bands. But we have such an assumption anymore due to the existence of CI on the licensed subchannels. It is easy to prove that EE (L) monotonically decreases with respect to CI on the subchannel since the derivative of EE (L) with respect to I (L) i,n is smaller than zero, as describe in the following
Therefore, if the licensed bands experience strong co-channel interference, its EE would be worse than the EE on unlicensed bands. For example, assuming that there is one SUE and one licensed subchannel with bandwidth B (L) and the SBS shares an unlicensed band with the same bandwidth,
Case IV: The achievable EE (U ) is not decreasing with respect to β i,k . It is easy to prove that the EE EE
with respect to β i,k for a SUE, i, is increasing with
Therefore, with extra unlicensed spectrum resource, the EE on unlicensed bands will not decrease as proved in [32] . To demonstrate above analysis results explicitly, a numerical method is developed in next section to find the Pareto optimal solution set for (10).
IV. COMPLETE PARETO OPTIMAL SOLUTION SET
Complete Pareto optimal solution set is a key to demonstrate the tradeoff among different objectives for multi-objective optimization problem. Therefore, in this section, the weighted Tchebycheff method is applied to find the Pareto optimal EE tradeoff solution for (10) numerically.
First, Pareto optimal solution is that, with solution (10) is called (globally) Pareto optimal if and only if there exists no other solutions such that f i ≥ f * i , ∀i ∈ {1, 2} and f 1 > f * 1 or f 2 > f * 2 . The Pareto optimal solution implies that it can not improve the EE on either the licensed bands or the unlicensed bands without decreasing the other one. Since the Pareto optimal solution is not unique, the weighted Tchebycheff method introduced in [33] is applied to find the complete set of Pareto optimal solutions for (10) .
Denote the maximum EE on licensed bands achieved in Section III.A as EE (L) max , and the maximum EE on unlicensed bands achieved in Section III.B as EE (U ) max . Then, the weighted Tchebycheff objective function is given by
where w 1 and w 2 are positive weight factors associated to EE (L) and EE (U ) , respectively. According to [33] , the weighted Tchebycheff optimization problem for problem (10) is formulated as max
subject to (10a), (10b), (10c), (10d), (10e) and (10f). According to [33] , we have the following lemma. are one pair of the possible optimal values of (10), then the corresponding weights w 1 and w 2 exist for the same optimal value in (33) . Therefore, the complete set of Pareto optimal solutions can be achieved by varying the weight factors w 1 and w 2 for case 2.
To solve problem (33) numerically, the original problem is converted into the following epigraph form by replacing the objective function, f , with an auxiliary variable V , max
with extra constraints,
Herein, the new constraints (34a) and (34b) are non-concave with the new variable V . Therefore, problem (34) is not a convex optimization problem. However, according to [34] , problem (34) can be solved via convex feasibility method and the bisection search method. By observing the objective function and the constraints, (34a) and (34b), we have
and
. By assigning a value, v, to the variable V , if the problem
subject to (10a), (10b), (10c), (10d), (10e), and
is feasible, then v is equal to or less than the optimal solution, f * . Otherwise, if it is not feasible, then v is higher than the optimal solution, i.e., v > f * . Based on this observation, the bisection search method can be applied to find the optimal value and solution. First, we initiate V to a value v, which is between 0 and v max = max w 1 , w 2 . Substitute the values v and the corresponding EE (L) and EE (U ) into the problem (35), we then check if it is feasible. If there is a solution,
Then, repeat the above steps until convergence, i.e., U (t) − U (t − 1) < θ, where t is the iteration step and θ is the accuracy requirement. The whole scheme is shown in Table 1 . Analyzing the EE tradeoff between the licensed and unlicensed bands is to disclose how the licensed bands and unlicensed bands interact each other on EE. The ultimate goal is to maximize the EE of LTE-U system. Therefore, based on the analysis and numerical results developed in Sections II and III, some efficient resource management schemes is proposed to improve the system EE when jointly considering the licensed and unlicensed bands in next section.
V. SYSTEM EE OPTIMIZATION
To optimize the system EE for the LTE-U system, the EE on licensed and unlicensed bands have to be considered jointly. Therefore, different from the EE tradeoff problem in Sections III and IV, the system EE is defined as
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Then, based on the definition of the system EE in above equation, the corresponding EE maximization problem is formulated as
subject to (10a), (10b), (10c), (10d), (10e), and (10f). It is noteworthy that problem (37) is neither convex nor quasi-convex due to the coupled variables and fractional-form objective function. But, in the following sections, we demonstrate that the problem (37) can be decomposed into two scenarios by exploiting the analysis results in Sections III and IV.
A. USING LICENSED OR UNLICENSED BANDS EXCLUSIVELY
If either the unlicensed or the licensed bands are not used when maximizing EE (L) or EE (U ) in Section III, then we have the following theorem to solve (37).
Theorem 3: Problem (37) is equivalent to one of the following two problems:
≥ r i , ∀i ∈ M with the optimal power and spectrum allocation on licensed subchannels, the solution of problem (37) is equivalent to that for problem (11) and EE
≥ r i , ∀i ∈ M with the optimal power and spectrum allocation on unlicensed channels, the solution of problem (37) is equivalent to that for problem (12) and EE
max is the maximal system EE. Proof: It is well known that 2 , y 1 , y 2 are arbitrary positive numbers, where ''='' holds if and only if
, let
Then, the system is less than or equal to max{EE (L) , EE (U ) }. Therefore, we have Theorem 3.
B. USING LICENSED AND UNLICENSED BANDS JOINTLY
When conditions in Theorem 3 are not satisfied, the licensed and unlicensed bands need to be used at the SBS jointly to maximize the system EE. In this case, the system optimal EE is no more equal to EE (L) max or EE (U ) max since neither one of them can satisfy SUEs data requirement individually.
1) OPTIMIZING EE (sys) BASED ON THE UTILIZATION OF LICENSED BANDS
To optimize the EE (sys) , we first maximize EE (L) and find the optimal power and spectrum allocation on the licensed subchannels based on the method proposed in Section III.A. Then, calculating the achievable data rates for each individual SUE, i, on the licensed bands. If it is less than SUE i's data rate requirement r i , then put the SUE i into the set M and calculate the deficit on its data rate, r
In the second step, the unlicensed bands are used to make up the data rate deficit for the SUEs in set M while maximizing EE (U ) . The corresponding optimization problem is formulated as follow.
Subject to (10b), (10d), and
where (38a) is the transmission power constraint on the unlicensed bands after the power consumption on licensed bands, (38a) is to make up the deficit on the data rate of each SUE in set M, whose data rate requirement is not satisfied by only using the licensed bands in step one. Problem (38) can be solved by the method introduced in Section III.B. With the R (L) and P (L) achieved in the first step and R (U ) and P (U ) obtained in the second step, we can calculate the system EE denoted as EE
2) OPTIMIZING EE (sys) BASED ON THE UTILIZATION OF UNLICENSED BANDS
On the contrary, the EE on the unlicensed bands is maximized first in this section based on the method proposed in Section III.B. The corresponding optimal power and spectrum allocation maximizing EE (U ) on the unlicensed bands are derived according to the method proposed in Section III.B. Then, the achievable data rates for each individual SUE, i, on the unlicensed bands can be calculated accordingly. If it is less than SUE i's data rate requirement, r i , then put the SUE i into the set M and calculate the deficit on its data rate,
In the second step, the licensed bands are used to make up the data rate deficit for the SUEs in set M while maximizing EE (L) . The corresponding optimization problem is formulated as
Subject to (10e), (10f), and
where (39a) is the transmission power constraint on the unlicensed bands after the power consumption on licensed bands, (39b) is to make up the deficit on the data rate of each SUE in set M, whose data rate requirement is not satisfied by only using the licensed bands in step one. Problem (39) can be solved by the method introduced in Section III. With the R (U ) and P (U ) achieved in the first step and R (L) and P (L) obtained in the second step, we can calculate the system EE denoted as EE
C. OPTIMIZE SYSTEM EE
Based on Theorems 3 and the scheme demonstrated in Section V.B, a corresponding scheme is proposed to optimize the system EE in this section. First, the EE on the licensed bands is maximized and the SBS checks if the SUEs' data rate requirements are satisfied. If not, the EE on the unlicensed bands is maximized when the unlicensed bands are used to make up the data rate deficit as demonstrated in Section V.B.1). Secondly, the EE on the unlicensed bands is maximized and the SBS checks if the SUEs' data rate requirements are fulfilled. If not, the EE on the unlicensed bands is maximized when the licensed bands are used to assist the unlicensed bands as demonstrated in Section V.B.2). Then based on Theorem 6 and schemes proposed in Section V.B, the SBS obtain the highest system EE and the corresponding power and spectrum allocation scheme by comparing the obtained EE U . The propose scheme is concluded in Table 2 .
It is noteworthy that the Algorithm 2 can not guarantee to achieve the maximal system EE unless conditions in Theorem 3 are satisfied.
VI. SIMULATION RESULTS
Numerical and simulation results are presented in this section to verify the analysis and demonstrate the performance of the proposed scheme. In the simulation set, there is one SBS coexisting with one MBS and three Wi-Fi APs. The Wi-Fi APs are in the coverage of the SBS and they use different unlicensed channels to avoid the co-channel interference on unlicensed band. We assume that the SUEs are uniformly distributed in the small cell. Both licensed and unlicensed bands have 20 MHz bandwidth and the licensed band is divided into 16 subchannels with bandwidth 1.25 MHz. Unless specified otherwise, the rest major simulation parameters are listed in Table 2 . It is noteworthy that the proposed scheme can not guarantee to obtain the optimal system EE, but increase the system EE based on the EE maximization on licensed or unlicensed bands.
A. EE COMPARISON
First we examine how the CI between the small cell and macro cell influences the EE on licensed and unlicensed bands. We model the CI on each licensed subchannel as a Gaussian variable. In Fig. 4 .A, the maximal EE (L) and EE (U ) are demonstrated when the average CI power on each subchannel changes and the SUE data rate requirement is 10Mbs/s. Similar to the analysis in Section III, the maximal EE (L) decreases when the CI increases, while the maximal EE (U ) does not change since the licensed bands are not used when the SUE data rate requirement is 10Mbs/s. In Fig. 4 .B, the SUE data requirement is changed to 30Mbs/s. The maximal EE (U ) decreases when the CI increases since the licensed bands need to be used to satisfy SUEs' data rate requirements when maximizing EE (U ) . From 4, we can observe that the EE (L) can even be worse than EE (U ) with the increase of the CI, which contradicts the subjective assumption in [26] and also justifies our analysis.
In Fig. 5 , the maximal EE (L) and EE (U ) are demonstrated when the upper-bound of available time fraction on the unlicensed bands for the SBS, β k , changes. The data rate requirements for SUEs are 10Mbits/s and 30Mbs/s in Fig. 5 .A and 5.B, respectively. As analyzed in Section III, the EE (U ) is not decreased with β k , ∀k = 1, 2, 3 at the SBS. Therefore, taking more unlicensed bands at the SBS can improve not only SE but also EE on unlicensed bands. Moreover, as demonstrated in Fig. 5.A and 5 .B, EE (L) may not change or increase with the change on β k , ∀k = 1, 2, 3 based on whether the licensed bands are required to assist the licensed bands when fulfilling the data rate requirements of the SUEs, which confirms our analysis. increases, the EE (L) increases. Therefore, the complete Pareto optimal solution set can be found by varying the weight factors associated to EE (L) and EE (U ) via the proposed algorithm.
C. SYSTEM EE
To examine the performance of Algorithm 2, system EE is demonstrated in Fig. 7 Algorithm 2 and the optimal one since maximizing the EE on licensed and unlicensed bands can not guarantee to achieve the maximal system EE. Therefore, there exists another tradeoff between the system EE and the EE on the licensed or the unlicensed band.
To demonstrate the tradeoff on system EE and the EE on the licensed and unlicensed bands explicitly, the EE (L) and UB . Furthermore, neither the EE (L) nor the EE (U ) achieved by the optimal scheme is the best. However, its system EE is the best since it considers the EE on licensed and unlicensed bands simultaneously when optimizing the system EE. Instead, in Algorithm 2, the EE on the licensed and unlicensed bands is optimized in sequence, which is why the system EE achieved by Algorithm 2 is lower than EE (sys) opt .
VII. CONCLUSIONS
In this paper, we have investigated the tradeoff on EE between licensed and unlicensed bands in the LTE-U system, which is important for implementing LTE unlicensed system in a green way. The general EE tradeoff framework has been built via a multi-objective optimization model. Then, the condition that the EE on licensed and unlicensed bands can be reached simultaneously is derived and how the parameter CI andb k affect the EE on licensed and unlicensed bands is analyzed. Moreover, Algorithm 1 has been proposed to find the complete Pareto optimal solution set for the tradeoff problem. Then, based on the tradeoff analysis, Algorithm 2 is proposed to improve the system EE whose performance is close to the optimal system EE. Via the numerical simulation, we observe that there exists another tradeoff between the system EE and the individual EE on licensed and unlicensed bands. Due to this tradeoff, the maximal system EE and EE on licensed or unlicensed band may not achieved simultaneously.
In this work, we only consider the traditional scenario where there is a power supplier. However, there have many ways to explore the green energy, i.e. solar energy, to provide the power in wireless networks. In such systems, EE is more important than the traditional system. Therefore, how to design an EE algorithm to the LTE-U small cell systems with green energy is a challenge issue and our future work.
